Buried nodules from siliceous ooze suggest their formation under hydrogenetic, early digenetic and diagenetic processes whereas those from red clay are of hydrogenetic origin.
Introduction
The occurrence of buried manganese nodules is less well known than that of surface nodules. Various processes have been suggested to explain the phenomenon of keeping manganese nodules at the sediment-water interface. Possible mechanisms to maintain nodules at the sediment-water interface could be the influence of ocean bottom currents and the reworking of sediment by benthic organisms (Glasby, 1977; Glasby et al., 1982) . Alternatively, due to the small density difference between the nodules (1.96 g/cm 3 ) and associated sediment (1.33 g/cm 3 ), only a small upward force is enough to maintain them at the sediment -water interface (Glasby, 1977; von Stackelberg, 1984) . The nodules that are left behind during uplift are kept buried within the sediment. However, the processes of maintaining nodules at the sediment-water interface still remain unclear. Once nodules are buried within the sediment column, they are considered to be in a closed system. In such a case, it is important to know what happens to them after burial. There are three possibilities once a nodule is buried: it will continue to grow, cease to grow or dissolve. Cronan (1973) observed growth of manganese nodules in sediment cores from Deep Sea Drilling Projects. Heye et al (1979) also showed that there are strong indications that the nodules probably continued to grow after burial. Subsequently, Cronan (1976) found that nodules at 130 m in the sediment column showed evidence of dissolution. By contrast, Heye (1975) suggested that there is no indication of partial dissolution of buried nodules. Somayajulu et al. (1971) suggested that manganese nodules cease to grow after their burial based on I o activity in the equatorial Pacific Ocean. Most of these studies are restricted to the Pacific or Atlantic Oceans and there are few reports on the occurrence of buried nodules in the CIOB (Banerjee et al., 1991; Pattan and Banakar, 1993; Pattan and Parthiban, 2006) . In the present work, we have studied the size, surface texture, morphology and chemical composition of 50 buried nodules recovered from 12 sediment cores (10 from siliceous ooze and 2 from red clay) in order to understand their behavior within the sediment column after burial.
Materials and Methods
During the last two decades under the Indian Polymetallic Nodules exploration program in the CIOB, more than 60 sediment cores up to 6 m long were collected during different expeditions ( Fig.1 National Geophysical Research Institute, Hydrabad. Accuracy of the data was checked by using international standard reference materials (A-1 and P-1) and precisions based on duplicate samples were found to be better than ± 5%.
Results and Discussion

Distribution of buried nodules
The distribution of buried nodules with depth in the cores is shown in Fig.2 (Fig.1) . However, buried nodules were sampled from 6-inch diameter gravity cores and their recovery was therefore matter of chance. A total of 50 buried nodules was collected within the top 6 m of the sediment cores, of which 43 are from siliceous ooze and 7 from the red clay area. Buried nodules were observed a few hundred meters below the sea floor in DSDP/ODP cores (Glasby, 1978; Usui and Ito, 1994) . Later it was suspected that the occurrence of buried nodules was due to slumping of the upper sedimentary layer during drilling operations (McManus et al., 1970; Cronan, 1973) .
Subsequently, Ito et al. (1998) suggested that the occurrence of buried nodules in DSDP/ODP sites was not due to slumping. In the CIOB, all buried nodules were recovered by gravity cores and therefore there was no possibility of slumping of nodules from the surface. The distribution of buried nodules within the sediment core is random and most of the buried nodules appear to occur in the top 1 m of the core. A maximum of 15 buried nodules were recovered in one sediment core (AAS-22/GC-07) and the maximum depth of occurrence is at 5.5 m below the seafloor in a sediment core (AAS-04/GC-5A) from siliceous ooze (Fig.2) . The sediment cores from red clay area were sampled by spade core with a maximum core length of 45 cm. The maximum depth of occurrence of buried nodules in these cores is 30 cm below the seafloor.
Martin- Barajas et al. (1991) collected sediment cores up to 18 m long in CIOB and observed that the maximum depth of occurrence of buried nodules was ~ 4.3 m below the seafloor. In the Pacific Ocean, Stoffers et al. (1982) and Glasby et al. (1982) and Thijssen et al. (1985) encountered 27 nodules buried between depths of 0.73 and 2.50 m in four long box cores. Von
Stackelberg (2000) recovered 177 buried nodules from SO-79 and SO-106 cruises in the Pacific
Ocean that were buried in sediment deeper than 20 cm, with the deepest nodule at a depth of 16.2
m. It appears that buried nodules are more abundant in the Pacific than in the Indian Ocean. This probably reflects the lower average sedimentation rate in the Pacific Ocean compared to the Indian ocean (Glasby, 1991) . Occurrence of buried nodules in the Indian Ocean is restricted to greater water depth or valleys than the seamount slopes. This is similar to the observation made in the Pacific Ocean (von Stackelberg, 2000) .
Buried nodules size, morphology and surface texture
The buried nodules vary in size from 2 cm to 11 cm. One of the nodules buried at 93 cm depth (SK-176) is 11 cm in diameter and looks like a crust. Thirty eight nodules out of 50 are only ~2 cm in diameter. This suggests that nearly 80% of the buried nodules are of small size.
The majority of surface nodules are between 2 to 6 cm in diameter (Banakar et al., 1989; Valsangkar and Khadge, 1989) . In the Peru Basin, Pacific Ocean, nearly 50% of buried nodules are > 6 cm and 21% are > 10 cm in diameter and these buried nodules are larger than surface nodules (2.4 cm) (von Stackelberg, 2000) . Similarly in the Atlantic Ocean, buried nodules range between 2 and 8 cm with the majority of them ~ 8 cm in diameter (Glasby, 1978) . Buried nodule sizes decrease with core depth. The buried nodules in the CIOB are therefore smaller than those from the Pacific and Atlantic Oceans. By contrast, Heath (1979) observed that the burial depth of nodules is independent of size. Glasby (1977) suggested that bottom currents and bioturbation are responsible for keeping the nodules at the sediment -water interface. The presence of larger buried nodules in both the Pacific and Atlantic Oceans could be due to less bioturbation and bottom currents. Smaller sized nodules are more mobile than larger nodules. The presence of small-buried nodules at greater depths in the sediment column could be similar to the phenomena of the "Brazil Nut Effect" where tectonic/sieving like processes operate. Due to their large size, nodules are always kept at the top and smaller at the bottom. A similar observation was made by Prasad et al. (2003) where they found that Australasian tektite in the upper layer of sediment and microtektite in the subsurface were the same age. The Brazil Nut Effect term was based on the observations made on the Brazil nuts and has been known since 1930. The factors responsible for the Brazil nut effect are size and density of particles and presence of any gas between particles.
When materials are shaken, voids are continuously created beneath the grains. The smaller grains/nodules are more likely to fall in and fill the available space.
The buried nodules from siliceous ooze exhibit both smooth and rough surface textures whereas those from red clay have only smooth surfaces. The morphology of the buried nodules vary and include ellipsoidal, elongated, spheroidal, sub-rounded, irregular and polynucleated shapes. The surface texture and morphology of the buried nodules are similar to surface nodules from the CIOB (Jauhari, 1990) .
Chemical composition of buried nodules
The Those from the red clay range from 17.4 to 20.9 % and 8.1 to 11.1%, respectively. Cu, Ni, Zn, Mo, Ga, V and Rb contents in buried nodules from the siliceous ooze are higher than those in red clay The enriched elements in the siliceous ooze nodules are associated with diagenetic remobilization processes via pore waters, whereas the enriched elements in buried nodules from red clay are derived from the overlying seawater column. Aplin and Cronan (1985) suggested that decomposition and oxidation of organic matter and dissolution of biogenically associated elements such as Mn, Cu and Ni are released and incorporated into nodules. This leads to enrichment of Mn, Cu, Ni and Zn in the buried nodules from siliceous ooze. The Mn/Fe ratios of buried nodules from siliceous ooze suggest a hydrogentic, early diagenetic and diagenetic origin (Halbach et al., 1981) . In the CIOB, the red clay area extends beyond 15 o S and is associated with low sedimentation rates, preserved biogenic components and low primary productivity (Parson et al., 1977) . This area is associated with a large number of authigenic components such as manganese micronodules, smectite, and biogenic apatite. Buried nodules from the red clay are enriched in Fe, Co, Ti, U, Th, Y, Cr and Nb possibly supplied by the overlying water (Halbach et al., 1981) . The Mn/Fe ratios of these nodules are < 2.5, indicating that they are of hydrogenetic origin.
REE are used to understand the depositional environment of ferromanganese oxide deposits. Among the REE, cerium has a dual oxidation state and is more useful in understanding the redox conditions of the depositional environment (Elderfield et al., 1981; Glasby et al., 1987) .
We considered La as a representative element of the REE group because all of the 14 naturally occurring elements were not analysed in all of the studied samples. The mean La content in the buried nodules from red clay is 166 ppm and enriched more than 1.5 times compared to nodules in siliceous ooze (89 ppm) (Tables. 1, 2 & 3). The total REE content of buried nodules occurring between 1.5 m to 2.5 m depth within the sediment column is very low (Table. 2) and is associated with high Mn/Fe ratios (9 to 14), which is indicative of a strong diagenetic signature. The low REE abundance associated with high Mn/Fe ratios suggests that the REE are not supplied by diagenetic processes to nodules. To understand the REE carrier phase in buried nodules, we plotted La (representing REE group) against combined Fe+Ti+P contents, which shows a strong positive correlation (r = 0.88), suggesting a single REE carrier phase (Fig. 3) . This is similar to the earlier observation of a single carrier phase (Glasby et al., 1987; Pattan and Banakar, 1993; Jauhari and Pattan, 2000) rather than two independent carrier phases (Elderfield et al., 1981; Nath et al., 1992) . The shale-normalized REE pattern of buried nodules shows a convex pattern (middle REE enrichment) with a strong Ce enrichment (Fig. 4) . The Europium (Eu) anomalies in the marine environment could be due to the influence of hydrothermal processes, aeolian dust and excess sodium feldspars (Elderfield, 1988; Murray et al., 1991) . The Eu anomaly is almost absent in the nodules from red clay. A very small Eu anomaly is observed in the nodules buried in the upper 50 cm of siliceous ooze, but a strong Eu anomaly (0.17 to 0.23) is observed in nodules buried between 1.5 to 2.5 m in the sediment column (Fig 5 & 6) .. The absence of a negative Ce anomaly and relatively high concentration of trace elements shows that there was no hydrothermal input into nodule formation. The other contender for Eu anomalies is the presence of sodium feldspar. The location of the manganese nodule field is far from mid-oceanic ridges and thus rules them out as a cause for the Eu anomaly.
The presence of a strong Eu-anomaly could therefore be due to trapping of aeolian dust in the nodules. Although it is not valid to compare the chemical data of buried nodules and associated sediments because of different accumulation rates, it is worth mentioning that a relatively strong Eu anomaly was observed in a nearby sediment core between 76 cm and 290 cm depth in CIOB (Pattan et al., 2005) .
The concentrations of transition elements in buried and surface nodules from both siliceous and red clay areas are almost in the same range (Jauhari, 1990; Table 4 & 5) . The concentrations of a few representative elements, along with Mn/Fe ratios, Ce and Eu-anomalies for a few buried nodules within the sediment column are shown in Fig. 5 . The distribution of elements in the buried nodules from red clay is almost uniform, suggesting that no change occurred after burial within the sediment column. In the CIOB, a suboxic zone is located between ~10 and 15 cm depth in the sediment column based on the minimum solid Mn content in a large number of cores from the manganese nodule -bearing area of siliceous ooze (Pattan and Mudholkar 1990; Banakar et al., 1991; Mudholkar et al., 1991; Pattan, 1993) . This suboxic zone is responsible for the lower micronodule abundance, dissolution of micronodules resulting in smaller size and their low Mn, Cu, Ni and Zn content (Pattan, 1993) . However, the sediments (Parthiban, 2005; Pattan et al., 2005) . If these buried nodules are being dissolved, then one would expect the upward diagenetic remobilization of transition metals within the sediment column. The absence of diagenetic remobilization of transition metals in the deeper part of the sediment column suggests that no such dissolution is taking place. Once the nodules are buried within the sediment column, it therefore appears that they neither grow nor dissolve.
4.Conclusions
Based on the present investigation the following conclusions are made:
1. Buried nodule sizes decrease with increasing core depth. This is similar to the phenomenon of the "Brazil Nut Effect " where larger objects/nodules are always kept on top and smaller once in the subsurface.
2. Buried nodules morphology, surface texture and chemical composition are similar to the surface nodules.
3. Buried nodule compositions do not exhibit any variation with core depth and the absence of diagenetic remobilization of transition metals in the associated sediment column suggest that buried nodules neither grow nor dissolve. Table. 1 Chemical composition of buried manganese nodules in a sediment core (SK-176) from siliceous ooze (Pattan and Banakar, 1993) -Jauhari (1990) . n=31 (b) Present study. n = 7 
